This Final Report summarizes our main achievements during the two years of this project. Our work was aimed at advancing the present understanding of the interplay of nonlinearities and stochastic effects in semiconductor lasers. Semiconductor lasers are key elements in optical technologies, being coherent light sources in fiber optics communications, optical data storage, life sciences applications, material processing, and sensing. They have a huge economic impact and are crucial for the photonics technologies that improve our everyday life style. For developing the next generation of semiconductor lasers, more compact, faster, reliable and low-cost, is crucial to have a good understanding of the nonlinear light-matter interactions in semiconductor active media, and their nontrivial interplay with the various noise sources (such as spontaneous emission, thermal and electrical noise). Within the framework of this two-year project, detailed experimental and numerical studies have been performed, focusing on the interplay of noise and nonlinear dynamics. Specifically, we introduced a novel method of nonlinear time-series analysis, based on symbolic ordinal analysis, to characterize the temporal correlations of the intensity dropouts of a semiconductor laser with optical feedback operating in the low-frequency fluctuations regime. The ordinal method was successfully tested and can be employed for the analysis of other noisy experimental data at an event-level description, such as interspike-intervals in neuronal recordings, where weak signatures of deterministic nonlinear dynamics can be obscured by the presence of noise. Another research focus in this project was the generation of all-optical square-waves with switching times in the nanosecond time-scale. We considered two setups capable of generating all-optically square-waves: a semiconductor laser with orthogonal feedback and two semiconductor lasers mutually and orthogonally coupled. In both setups we considered two types of semiconductor lasers, edge-emitting lasers (EELs) and vertical-cavity surface emitting lasers (VCSELs), since they display different polarization dynamics. We found optimal operating conditions for generating regular and stable square-wave polarization switching with a periodicity fully controlled by the feedback delay time or by the mutual coupling delay time. A third research topic in this project were extreme events in the form of ultra-high intensity pulses observed experimentally and numerically in the output intensity of a semiconductor laser with continuous-wave external optical injection. We showed that these ultra-high intensity pulses could be interpreted as optical rogue waves, that they can be predicted with long anticipation time, that they are enabled by a crisis-like process, and that noise can be employed to either enhance or suppress their probability of occurrence. By providing a good understanding of the mechanisms triggering and controlling the rogue waves, our results can contribute to improve the performance of injected lasers, and can also enable new experiments to test if these mechanisms are also involved in other natural systems where rogue waves have been observed. The results obtained in the framework of this two-year project were published in 11 high-impact journal papers, and were presented as Invited Talks and Oral/Poster contributions in several international conferences and workshops. A PhD student partially funded by this project, Jordi Zamora Munt, finished his PhD at the Universitat Politecnica de Catalunya (UPC, Spain) last June 2011.
PUBLICATIONS
The results of our research were published in 11 papers in high-impact journals in the fields of photonics and nonlinear physics: two Physical Review Letters (impact factor 7.37), two Optics Express (impact factor 3.587), one Optics Letters (impact factor 3.399), three Physical Review A (impact factor 2.878), one Physical Review E (impact factor 2.255), one IEEE J. Quantum Electronics (impact factor 1.879) and one European Journal of Physics D (impact factor 1.476). In the next subsections we present the main achievements in each topic and the related publications.
Polarization dynamics of vertical-cavity surface emitting lasers (VCSELs)
Main achievements:
• Numerical demonstration of an optoelectronic implementation of a VCSEL-based stochastic logic gate via the interplay of i) polarization bistability, ii) current modulation and iii) spontaneous emission noise.
• Experimental and numerical demonstration of thermally induced negative dynamical hysteresis in the turn-on and turn-off of VCSELs.
Related publications:
Distribution A: Approved for public release; distribution is unlimited.
• J. Zamora-Munt and C. 
Nonlinear dynamics of optically injected VCSELs
Main achievement:
• Experimental and numerical demonstration of deterministic rogue waves in the output intensity of a VCSEL with cw optical injection.
• C. 
Dynamics of semiconductor lasers with time-delayed optical feedback
• Numerical study of transient low-frequency fluctuations (LFFs); identification of the key parameters that affect the duration of the transient dynamics.
• Experimental characterization of the complexity of the LFFs dynamics employing the novel method of nonlinear time-series analysis referred to as ordinal analysis.
• Experimental and numerical characterization of the frequency dynamics of a semiconductor laser with an atomic absorber placed in the external cavity.
• • N. Rubido, J. Tiana-Alsina, M. C. Torrent, J. Garcia-Ojalvo, and C. 
Dynamics of semiconductor lasers with time-delayed mutual coupling
• Numerical demonstration of the phenomena of crow synchrony and quorum sensing in star-coupled lasers.
• Experimental and numerical demonstration of regular square-wave switching in orthogonally mutually coupled EELs; numerical demonstration of stable switching in narrow parameter regions depending on the gain self-and cross-saturation coefficients and the frequency detuning between the two polarizations.
• Numerical characterization of transient square-wave switching in orthogonally time-delayed mutually coupled VCSELs.
• J. Zamora-Munt, C. Regarding our work on hysteresis phenomena in VCSELs, the experimental work was done at the lab of the research group in Bangor University, UK (Prof. Alan Shore, Dr. Yanhua Hong) and the numerical simulations were done in collaboration with Dra. Maria Susana Torre (UNCPBA, Tandil, Argentina).
MODELS EMPLOYED

Model for edge-emitting lasers
The model used to study the dynamics of two EELs mutually coupled such that the x polarization of one laser is rotated 90 degrees and is injected into the y polarization of the other laser is:
Here i = 1 and i = 2 denote the two lasers, E x and E y are orthogonal linearly polarized slowly-varying complex amplitudes and N is the carrier density. The coupling of each laser x polarization into the other laser y polarization is described with time-delayed terms in Eq. (2). In the absence of optical coupling the emission frequency of the two lasers is the same (ω 0 ), which is the frequency of the x polarization and is taken as the reference frequency. The model includes a frequency detuning between the x and the y polarizations, represented by the parameter δ, and self-and cross-saturation coefficients:
Other model parameters are: k is the field decay rate, γ N is the carrier decay rate, α the linewidth enhancement factor, β is the linear loss anisotropy, β sp is the noise strength, ξ x,y are uncorrelated Gaussian white noises and µ is the injection current parameter, normalized such that the solitary threshold is at µ th,s = 1. The coupling parameters are η and τ , which represent the coupling strength and the delay time respectively.
Models for vertical-cavity surface-emitting lasers
Model for a VCSEL with PR feedback
The model used to describe the dynamics of a VCSEL with polarization-rotated (PR) optical feedback, such that one polarization is selected, is rotated by 90 degrees and then is reinjected into the laser, is:
Here, E x and E y are orthogonal linearly polarized field amplitudes, N and n are two carrier densities (N = N + + N − , n = N + − N − with N + and N − being carrier populations with opposite spin), k is the field decay rate, γ n is the carrier decay rate, γ s is the spin-flip rate, α the linewidth enhancement factor, γ a and γ p are anisotropies representing dichroism and birefringence: for γ a > 0 (γ p > 0) the y polarization has a lower threshold (a higher frequency) than the x polarization. µ is the injection current parameter, normalized such that the threshold of the solitary laser in the
